Highly soluble Cu(I)-acetonitrile salts as building blocks for novel phosphorus-rich organometallic-inorganic compounds
.
In recent years, the number of Cu(I) complexes stabilized by polydentate ligands has increased rapidly owing to their rich coordination chemistry and wide range of applications. 1 The majority of these ligands possess N or P donor atoms, 2 while fewer possess S, O and other donor atoms. 3 Among the very useful, and somehow air-stable, starting materials for the synthesis of these Cu(I) complexes are salts such as tetrakis(acetonitrile) Cu(I), [Cu(CH 3 5b These salts do not only show good solubility in CH 2 Cl 2 , but were also used as starting materials to form original compounds such as the first example of areneand cyclosulfur complexes of Cu(I). Thus, stable, highly soluble and easily (on a multi-gram scale) accessible Cu(I) salts are in urgent demand to allow the expansion of the Cu(I) chemistry to new fields of materials science.
One active research area of our group focuses on the study of the coordination chemistry of substituent-free polyphosphorus (P n ) ligand complexes. 6 These organometallic compounds show flexible coordination behaviours and can be used as connectors between metal ions affording a large number of coordination polymers (CPs) and fullerene-like inorganic nanospheres. 7 Moreover, recent studies focused on three-component reactions of such P n ligand complexes with metal salts and organic molecules yielding unprecedented hybrid CPs. 8 However, reactions of these P n building blocks with salts of metal cations containing small anions, such as halides, [BF 4 
[TEF] 2 (6) respectively. Although the coordination chemistry of P n ligand complexes towards metal salts were studied in the past, the heteroleptic dimers 4-6 are unprecedented in this field.
The (2) can be prepared by a room temperature metathesis reaction between Tl[TEF] and CuCl in CH 3 CN (Scheme 1). Both compounds 1 and 2 are highly soluble in common organic solvents such as CH 2 Cl 2 , CH 3 CN, THF, ethyl acetate and ethanol but insoluble in alkanes. Surprisingly, they also show good solubility in low-dielectric solvents such as toluene and ethyl ether. Moreover, solids of 1 and 2 are air-stable and can be handled and weighed on the benchtop. This was confirmed by elemental analyses of the solids after 24 hours storage on air, which were identical to the measurements of the initially handled samples. Single crystals of 1 and 2 were obtained by layering CH 2 Cl 2 or CH 2 Cl 2 /CH 3 CN solutions of 1 and 2, respectively, with n-hexane (Figure 1 ). Compound 1 crystallizes in the trigonal space group P-3, while 2 crystallizes in the noncentrosymmetric space group P2 1 2 1 2 1 of the orthorhombic crystal system. The cationic part in the crystal structure of 1 reveals two close Cu(I) positions (50:50 ratio, Figure 1a ), which are both situated directly on the threefold rotational axis. The two Cu(I) atoms exhibit either a trigonal planar coordination with three CH 3 CN ligands or a tetrahedral coordination with four CH 3 CN ligands. Therefore, the Cu(I) salt 1 contains the [Cu(CH 3 CN) 3 ] + and [Cu(CH 3 CN) 4 ] + cations in equimolar ratio in an alternating sequence along the crystallographic c-axis. This composition is also confirmed by elemental analysis. The cationic part in the crystal structure of 2 shows one Cu(I) atom adopting a tetrahedral coordination environment to which four CH 3 CN ligands (Figure 1d (2)-1.14(2) Å). 9 The room temperature 1 H NMR spectra of 1 and 2 in CD 2 Cl 2 reveal single signals {1 (δ = 2.20 ppm), 2 (δ = 2.18 ppm)} attributed to the CH 3 CN ligands rendering them, in both compounds, all equivalent on the NMR timescale. 5a In this work, the isolation of the new Cu(I) salts 1 and 2 raised the question about the possibility to use them in further Cu(I) chemistry. Due to their enhanced solubility, their reactions with polyphosphorus ligand complexes can probably allow the formation of new, unprecedented coordination compounds.
In a first step, the P 2 ligand complex A was reacted with the Cu(I) salt 1 in CH 2 Cl 2 at room temperature ( Figure 2a ). This reaction afforded selectively the products 3 (71% yield) or 4 (64% yield) depending on the ratio of A:1 used, (2:1 ratio, 3) and (1:1 ratio, 4). Compounds 3 and 4 crystallize at room temperature from npentane diffusion into the solutions of the crude reaction mixtures; their structures were examined by X-ray crystallography (cf. Figure  2b ,c and ESI). In each case, the crystal structures reveal a dinuclear Cu(I) complex for which each Cu(I) atom is coordinated by two P 2 ligands A in a ƞ 1 :ƞ 1 coordination mode. Thus, a central, almost planar, Cu 2 P 4 six-membered ring is observed for both 3 and 4 (Figure 2b,c) . The coordination spheres of the Cu(I) centers in 3 are each completed by two other P atoms from one side-on coordinated P 2 ligand complex A. This structural motif was previously observed for Cu(I), Ag(I), Au(I), and Tl(I). 5a,10,11 In contrast, each of the coordination spheres of the Cu(I) centers in 4 are completed by two N atoms from two coordinated CH 3 CN ligands. This renders 4 a unique coordination compound in the supramolecular chemistry of the P 2 ligand complex A ready for subsequent reactions. The P-P and Cu-P bond lengths in 3 and 4 range between 2.2571(9)-2.3335 (9) and 2.0760(10)-2.1509(11) Å, respectively. These values are comparable to those reported for assemblies built from the P 2 ligand complex A and Cu(I) salts. 5a,10 The compounds 3 and 4 are readily soluble in CH 3 CN, CH 2 Cl 2 and THF. They show poor solubility in toluene and are insoluble in alkanes. Their room temperature 31 P{ 1 H} NMR spectra in CD 2 Cl 2 exhibit single signals at -84.7 and -82.5 ppm, respectively, which are shifted by about 40-43 ppm upfield compared to uncoordinated A (-43.0 ppm). 10 + are detected in that of 4. These NMR and ESI-MS data reveal a partial dissociation instead of a full dissociation of the assemblies 3 and 4 in solutions of CH 2 Cl 2 .
A similar reaction of complex A with the Cu(I) salt 2, afforded a product with the general formula [Cu 2 (µ,ƞ 1 :
The solid state structure of this compound shows a cationic part very similar to that of the dimer 3. The same compound was previously reported by us using the Cu
The partial substitution of the CH 3 CN ligands in the Cu(I) source 1 by the complex A leading to the unprecedented heteroleptic dinuclear complex 4 motivated us to expand our study to the cyclo-P 5 ligand complex [(Cp*Fe(ƞ 5 -P 5 )] (B). When B is reacted with 1 or 2 in a 1:1 stoichiometry in CH 2 Cl 2 , light green crystals of the compounds 5 or 6 could be selectively (2) with (Cp*Fe(ƞ 5 -P5) (B). b) Crystal structure of the dinuclear complex cation in 5 (6 have a similar structure). Ellipsoids are drawn at 50% probability. C atoms are drawn as small spheres and H atoms are omitted for clarity.
obtained upon layering the crude reaction mixtures with n-hexane (Figure 3) . These compounds are isolated in good to high yields and are air-and light-stable in the solid state. Similar reactions using a 2:1 or 3:1 ratio of B:(1 or 2) exclusively yielded the products 5 and 6, which contain a 1:1 ratio of B:1 or 2. Single crystal X-ray diffraction analyses of 5 and 6 reveal in each case a dinuclear [Cu 2 (μ,η 1 :η 1 -B) 2 (CH 3 CN) 4 ] 2+ complex cation (Figure 3 ). The structure shows an almost perfectly planar central Cu 2 P 4 six-membered ring, which is a frequently observed structural motif in the supramolecular coordination compounds including the complex B and Cu I halides. 7f,g,12 The [Cp*Fe] complex fragments point to opposite sides of the Cu 2 P 4 plane. The tetrahedral coordination environment of each Cu atom is additionally completed by two labile CH 3 CN ligands. The Cu-P bonds lengths in 5 and 6 are in the range between 2.2778(5) and 2.2803(5) Å, which are comparable to those observed in the previously reported 1D CPs obtained from B and Cu(I) salts of [FAl] and [TEF] . 5a The C-N distances in 5 and 6 range between 1.130(2) and 1.141(7) Å and are similar to those observed in the Cu(I) salts 1 and 2.
Compounds 5 and 6 are readily soluble in CH 3 CN or in a 1:1 mixture of CH 3 CN and CH 2 Cl 2 , well soluble in CH 2 Cl 2 but insoluble in alkanes. Their room temperature 1 H NMR spectra in CD 2 Cl 2 solution show in each case one singlet at ca. δ = 2.00 ppm attributed to the CH 3 CN ligands and one singlet at ca. δ = 1.40 ppm for the Cp* ligand of complex B. The 31 P{ 1 H} NMR spectra exhibit, in each case, only one singlet ({δ = 147.0 ppm, 5}, {δ = 138.9 ppm, 6}, which is upfield shifted compared to that reported for the free complex B (δ = 152.2 ppm). 13 This suggests a dynamic coordination in CH 2 Cl 2 solutions of 5 and 6 comparable to those of the previously described coordination compounds of Cu(I) towards polyphosphorus ligand complexes. 5a The 19 F{ 1 H} NMR spectrum of 5 shows a characteristic set of signals for the [FAl] anion while that of 6 displays a singlet centered at ca. δ = -78.10 ppm assigned to the [TEF] + . The NMR and ESI-MS data of both compounds reveal only a partial dissociation of the formed assemblies in CH 2 Cl 2 solutions. Elemental analyses of the crystals show that these compounds do not lose the CH 3 CN ligands upon drying in vacuum.
The reason why not all the CH 3 CN ligands of the Cu(I) sources 1 and 2 were substituted by the cyclo-P 5 complex B is not clear. It is probably attributable to steric effects arising from the bulkiness of the complex B. Nevertheless, this partial substitution results in the formation of the heteroleptic dinuclear complexes 5 and 6, which are unprecedented in the coordination chemistry of the P 5 ligand complex. In addition, the presence of the terminal labile CH 3 CN ligands in these dimers make them valuable building blocks for further supramolecular aggregation reactions. It is worth to note that previous attempts to react the ligand complex B with Cu(CH 3 CN) 4 [BF 4 ]¯ or Cu(CH 3 CN) 4 [PF 6 ]¯ resulted solely in unstructurally characterised products. 14 This emphasizes the high need of soluble Cu I precursors such as 1 and 2 in supramolecular synthesis.
Conclusions
In conclusion, we have presented the synthesis of two novel Cu (I)- (6) . The pristine dinuclear complexes 4-6 present promising building blocks for further supramolecular chemistry. Current investigations involve the replacement of the labile CH 3 CN ligands by multitopic linkers to form new, extended organometallic-organic hybrid networks.
